Quantum optical amplification that beats the noise addition limit for deterministic amplifiers has been realized experimentally using several different nondeterministic protocols [1] [2] [3] [4] . These schemes either require single-photon sources [1] [2] [3] , or operate by noise addition and photon subtraction 4 . Here we present an experimental demonstration of a protocol that allows nondeterministic amplification of known sets of coherent states with high gain and high fidelity 5 . The experimental system employs the two mature quantum optical technologies of state comparison 6 and photon subtraction 7 and does not rely on elaborate quantum resources such as single-photon sources. The use of coherent states rather than single photons allows for an increased rate of amplification and a less complex photon source 8 . Furthermore it means that the amplification is not restricted to low amplitude states. With respect to the two key parameters, fidelity and amplified state production rate, we demonstrate, without the use of quantum resources, significant improvements over previous experimental implementations.
signatures 10, 11 ) would also benefit from amplification. Unfortunately perfect deterministic amplification of an unknown quantum optical signal is not possible 12 . Any attempt to amplify such a signal will introduce noise -the minimum amount of which is limited by the uncertainty principle 13 . This noise swamps any quantum properties that the signal might have.
An important idea was proposed, however, in 2009 by Ralph and Lund -the concept of nondeterministic amplifiers 14 . These work in postselection -the amplified output is only accepted based on the outcome of a measurement process. When the correct measurement outcome occurs the amplified output is accepted, otherwise it is discarded. The original scheme was based on the quantum scissors device 15 . Further protocols were proposed based on photon addition and subtraction 16 and on noise addition and photon subtraction 17 . All these have been later realized experimentally [1] [2] [3] [4] . Each scheme has its advantages and drawbacks. The quantum scissors and photon addition based experiments require single-photon sources. The output is thus effectively limited to a set of states with almost no overlap with the two-photon state. Cascading the devices would circumvent this limitation, as would using quantum scissors with two photons as input 18 .
Single-photon generation, however, is still an experimentally challenging proposition that typically only offers low photon fluxes 8 and the experimental success probability is very low, so cascading such devices is impractical. Research continues into the improvement of heralded photon source amplifiers aimed at measurement device independent quantum key distribution [19] [20] [21] . The noise addition scheme removes the requirement for single photons and works very well as a phase concentrator, but the fidelity of the output state compared to a perfectly-amplified version of the input state is typically low 4, 5, 22 . For example, for a coherent state with mean input photon number of 0.25 and an intensity gain of twofold the theoretical 3 fidelity of the output to the target amplified state is approximately 0.8. As a comparison, the vacuum state has a fidelity with the same target state of more than 0.6.
In this paper, we demonstrate experimentally a recently-proposed protocol 5 that can amplify coherent states of any experimentally reasonable amplitude chosen from a limited set using non-demolition comparison 6 and photon subtraction 7 , both established quantum optical techniques. The basic operation of the device is shown in Figure 1 The postselected output of the comparison beamsplitter is a reasonable approximate version of the amplified input state but inclusion of a second stage, comprising a highly-transmitting beamsplitter and a detector D 1 so as to perform photon subtraction, improves the fidelity. A small fraction of the incident light is reflected into D 1 . When this detector fires it is more likely that the output of the first interferometer was of a higher mean photon number. This increases the purity of the output state, cleaning it of the lower mean photon number states produced by incorrect guesses at the comparison stage. The nominal gain of the whole device depends on parameters at both beamsplitters and is g = t 2 r 1 .
The experimental system is shown in schematic form in Figure 2 and explained in more detail in the Methods. We generate input states in a comparatively simple manner by attenuating the output of a laser to the desired mean photon number per pulse. For coherent states this quantity is four-and eight-state sets these percentages would be 50%, 25% and 12.5%, but it is clear that the amplification has increased these values to over 95%, 60% and around 30% respectively. We can make some simple comparisons with two previous forms of amplifier for g 2 =1.8. which is better than the theoretical value for the noise addition amplifier at this gain, although for higher gains the fidelity performance of these two devices ought to be similar.
The nominal success probability of the device is high (comparable to other nondeterministic amplification methods) and it depends on both the input mean photon number and the number of states in the set, but this is not the main advantage of the state comparison amplifier. Because we do not use quantum resources the high success probability translates into a high rate of success in real time (Fig. 4) . High-quality transmission of quantum information at large data rates is possible. For example, for the two state set and a mean input , and the success probability of the scheme together with detection losses mean success rates will be significantly lower than this. The systems in references 2 and 3 also use downconversion, and so their rates will be of the same order of magnitude. The success rate of the noise addition/photon subtraction experiments 4, 23 is of the order of 1s -1 .
Although the experiments described here were conducted using light with a wavelength of 850 nm, the experimental principles 5 are applicable to any wavelength of operation. The other main advantage of the system is that the rate of successful operation of the amplifier is the product of the amplifier success probability and the clock-rate of the driving laser -a feature that nondeterministic amplifiers based on the addition of single photons cannot replicate without the development of a rapid-fire synchronizable "photon machine gun". This is the fundamental reason why the success rate is so high for the state comparison amplifier.
The system could be extended and improved to operate at higher gains by using a comparison beamsplitter with a lower reflectivity, at some cost to the fidelity in particular for the larger state sets. The fidelity reduction can be offset by the inclusion of multiple photon subtraction stages, a technique that has been shown to be effective in other experiments 4 
.
The system has many possible applications, for example, it has the potential to be used in the sharing of quantum frames of reference 24 . Most strikingly perhaps, it could operate as a quantum repeater in quantum communications systems, such as quantum key distribution 9 or quantum digital signatures 10, 11 , and assist in increasing the transmission distance of such systems. A low-loss system similar to the one described here could be stationed approximately every few kilometres in standard optical fibre, acting as the perfect quantum equivalent of erbium doping. 
Methods
The experimental system is shown in schematic form in Figure 2 . The system comprised two interwoven interferometers; the inner insert interferometer (which effectively carried out the amplification stage) contained a phase modulator to establish the phase encoding while the outer (which measured the amplified states) had no active high frequency phase modulation.
A temperature stabilized vertical cavity surface emitting laser (VCSEL) emitting at a wavelength of 850.38 nm, with spectral bandwidth 0.37 nm and ±0. radians. The adjustable air-gaps in the interferometers were simultaneously adjusted under computer control for maximum visibility using a known sequence of phases before the phase to be amplified was transmitted. Photon subtraction was performed using an unequal ratio beamsplitter with 90% transmission to the outer interferometer and 10% reflection to photodetector D 1 .
The photons were detected using commercially available free-running Geiger mode thick junction silicon single-photon avalanche diodes (Si-SPADs) 26 with a mean detection efficiency of 40.5% (at a wavelength of 850 nm) and a mean background count rate of 296 counts per second in the system. Although thin (or shallow) junction semiconductor diode photodetectors commonly offer superior timing jitter over their thick junction counterparts, they also typical exhibit lower detection efficiencies 8 and at the PRF used in these experiments the probability of intersymbol interference was negligible 27 . Semiconductor photodetectors were selected over other architectures due to the comparative ease of 
where, for example, P We do not know the total number of pulses N gα that contributed to these counts, but it is related to the numbers of counts via
These can be solved to give
Thus the number of gα output pulses N gα can be determined from experimental results.
Similarly if we consider only the set of results when the state comparison amplifier output was the state 0 and suppose that this yields n A 0 counts at D A and n B 0 counts at D B we can find N 0 , the number of pulses that contributed to these counts:
, so taking the average we obtain
We can now compute the density operator as a simple ratio of pulse numbers in the form ρ = P gα
where the probabilities are
The fidelity is then straightforwardly calculated as
(S7) 
